plitude (21) , which yielded n = 3.4 (inset, Fig. 4A ). Our model assumes that the affinity of SN25BL5** to the rest of the fusion apparatus is unchanged, which appears likely from previous data (14) . Three is a lower estimate of the number of SNARE complexes in a fusion complex driving fast fusion, because incorporation of more than one mutant might be required to detectably change fusion kinetics.
SNAP-25 harbors two SNARE domains and could possibly contribute these to different SNARE complexes, thereby cross-linking them (21, 22) . This would separate the two single mutations and mask a dominant-negative effect of SN25BL5** in the presence of WT protein ( fig. S5A ), which could provide an alternative explanation for the shallow dependence of overall secretion on SN25BL5** fraction ( Fig. 2A) . We tested such "domain-swapping" by coexpression of the two single-layer +5 mutants (M71A and I192A). At similar expression levels, the two single alanines should recreate the catastrophic double-layer +5 mutation in half of the complexes ( fig. S5B ), which should result in a 50% drop in secretion (Fig. 4B , according to Fig. 2A ). Using two bicistronic SFVs that express both mutants at the proportions [mCh-SN25M71A]/total of 15 T 1% or 65 T 3%, we observed no inhibitory effect on secretion (Fig. 4C ). In addition, examining data in 20-to-50% or 50-to-80% expression bins did not identify any block of release (Fig. 4C) . Thus, domain-swapping cannot explain the mild inhibition by SN25BL5**, nor can it represent a prominent event during exocytosis, consistent with the finding that separated SNAP-25 SNARE domains support in vitro vesicle fusion (23) and secretion (24) .
Using a titration approach in intact cells, we report here that the apparent cooperativity for fastphase secretion is higher (~3) than that for overall exocytosis (~1). We conclude that SNARE complexes form higher-order functional units, and at least three SNARE complexes are required for the fast phase of exocytosis (fig. S5, C and D). Our findings agree with data from infusion of synaptobrevin fragments into PC12 cells (11) . The linear titration profile of overall secretion might be explained if stoichiometry of fusion complexes is not fixed. Vesicles resident at the plasma membrane have time to form several SNARE complexes in the absence of stimulation, achieving faster speeds of fusion when triggered by calcium. However, vesicles arriving during conditions of sustained high calcium concentrations might fuse using fewer [or possibly only a single (8) ] SNARE complexes. The dramatic shift in release rate upon coexpression of SN25BL5** suggests that the number of functional (that is, completely zippering) SNARE complexes is a determinant of fusion probability. Indeed, variable fusion stoichiometry might underlie heterogeneity in vesicular release probabilities between synapses (25) or release phases (26) and could represent an important regulated parameter in neurotransmitterreleasing cells. 
Mechanisms of Proton Conduction and
Gating in Influenza M2 Proton Channels from Solid-State NMR Fanghao Hu, Wenbin Luo, Mei Hong*
The M2 protein of influenza viruses forms an acid-activated tetrameric proton channel. We used solid-state nuclear magnetic resonance spectroscopy to determine the structure and functional dynamics of the pH-sensing and proton-selective histidine-37 in M2 bound to a cholesterol-containing virus-envelope-mimetic membrane so as to better understand the proton conduction mechanism. In the high-pH closed state, the four histidines form an edge-face p-stacked structure, preventing the formation of a hydrogen-bonded water chain to conduct protons. In the low-pH conducting state, the imidazoliums hydrogen-bond extensively with water and undergo microsecond ring reorientations with an energy barrier greater than 59 kilojoules per mole. This barrier is consistent with the temperature dependence of proton conductivity, suggesting that histidine-37 dynamically shuttles protons into the virion. We propose a proton conduction mechanism in which ring-flip-assisted imidazole deprotonation is the rate-limiting step.
P roton transport in synthetic materials is mediated either solely by hydrogen-bonded (H-bonded) water, as in hydrated ionic polymers (1), or solely by titratable heterocycles, such as imidazoles tethered to the backbone of anhydrous polymers (2) . In comparison, the conduction mechanism of biological proton channels in cell membranes is more complex because both water and titratable protein sidechains are usually present (3) . The influenza M2 protein forms a tetrameric proton channel that is important for the virus life cycle (4) . Activated below pH 6, the M2 channel conducts 10 to 10,000 protons per second (5, 6). The pH-sensing and proton-selective residue is a single histidine, His
37
, in the trans-membrane (TM) domain (7) . 15 N chemical shifts of His 37 in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)/dimyristoyl phosphatidylglycerol (DMPG) bilayers indicated that the four histidines titrate with pK a s of 8.2, 8.2, 6.3, and <5.0 (where K a is the acid dissociation constant); thus, the third protonation event is responsible for channel activation (8) . However, the precise role of His 37 in proton conduction is still debated. Two models have been proposed. In the "shutter" model, the pore at His 37 is enlarged through electrostatic repulsion among the imidazoliums, permitting a continuous H-bonded water chain over which protons hop by means of the Grotthuss mechanism (9, 10). The rate-limiting step is proton-hopping across three or four charged imidazoliums, with a calculated energy barrier of 29 to 42 kJ/mol (9). In the "shuttle" model, His37 actively participates in proton relay through protonation and deprotonation. Tautomerization or ring flips reestablish the original conformation required for the next proton relay (11) . The ratelimiting step in this model is the His 37 conformational change.
Although high-resolution structures of the M2 TM domain (M2TM) in detergents at high and low pH have been reported (12, 13) , the His 37 sidechain conformations differed in these structures, and sidechain dynamics and water interactions were not probed. Further, detergent molecules can perturb the packing of weakly bound membrane protein complexes; thus, the structures may not accurately reflect the chemistry of the imidazoles in the lipid membrane.
To elucidate the proton conduction mechanism of M2, we used solid-state nuclear magnetic resonance (NMR) to determine the structure and dynamics of His 37 in M2TM reconstituted into a cholesterol-rich virus-envelope-mimetic lipid membrane (14, 15) . Extensive data yielded the His 37 protonation state, tautomerization, rotameric conformation, sidechain dynamics, and hydrogen bonding from pH 8.5 to 4.5. Here, we focus on pH 8.5 for the closed channel and pH 4.5 for the conducting channel. M2TM exhibits acid-activated and amantadine-sensitive proton currents similar to the intact protein (16) and fully assembles into four-helix bundles (17) in the viral membrane with immobilized backbones (14) (18) , and Cg/Cd2 chemical shifts also systematically depend on the imidazole structure (19) . Two-dimensional (2D) 13 C- 13 C and 15 N- 13 C correlation spectra of His 37 -labeled M2TM revealed only neutral imidazoles at pH 8.5. The Ne2-protonated t-tautomer and Nd1-protonated p-tautomer exist at a~3:1 ratio (Fig. 1) , with slow or no exchange at ambient temperature ( fig. S1 ). Inter-tautomer Cd2(t)-Cg(p) and Cd2(t)-Cd2(p) cross peaks (Fig. 1A) indicate that both tautomers exist in each channel. The~25% fraction of the p-tautomer is much higher than in small imidazolecontaining compounds (18) , suggesting stabilization of the protonated Nd1(p) through hydrogen bonding (20) .
At pH 4.5, both Nd1 and Ne2 exhibit protonated chemical shifts (170 to 180 ppm); no unprotonated signal was observed at 250 ppm ( fig.  S1 ), indicating that the neutral species is below the detection limit (≤5%). The charged imidazoliums showed much larger linewidths than the neutral species (table S1), indicating broader conformational distribution of the protein at low pH.
We probed interhelical packing of the His 37 tetrad through c 1 -and c 2 -dependent backbonesidechain distances. The Ca-Nd1 distance constrains the c 2 torsion angle, whereas the Cd2-Na distance constrains both c 1 and c 2 angles. At both pH, the Ca-Nd1 distance was 3.9 Å (Fig. 2 and  fig. S2 ), which ruled out the +60°and -60°c 2 rotamers and was consistent only with the 180°r otamer. Similar experiments yielded a Cd2-Na distance of 4.4 to 4.9 Å ( fig. S3 ), which ruled out the c 1 = -60°rotamer. Thus, the high-pH t-tautomer adopts the tt rotamer, which is consistent with interhelical His 37 -Trp 41 (21) and Trp
41
-Trp 41 distances (17) . At pH 4.5, the CaNd1 (3.9 Å), Ca-Ne2 (4.4 Å), and Cd2-Na (>4.5 Å) distances similarly indicated the tt conformation ( Fig. 2B and fig. S3 ). 
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Placing the His 37 rotamer into the different backbone structures at low pH and high pH revealed substantially different packing of the imidazole tetrad (Fig. 2, C and D) . In the closed channel (22) , the major t-tautomers pack in an edge-face fashion in which each Ce1-He1 bond points to the center of the neighboring ring. The packing is tight, with a nearest-neighbor Ce1-Ne2 distance of~4.9 Å, which is consistent with inter-tautomer cross peaks and suggests aromatic CH-p interaction (23) . The high density of p-electrons should repel water oxygens and orient them in opposite directions across the tetrad, thus disabling proton conduction. The tetrad dimension is still possible for metal-ion coordination (24) , which may explain Cu 2+ inhibition of M2 (25) . The minor p-tautomer can readily maintain the fourfold symmetry by adopting tt or t0 rotamer. In comparison, in the low-pH structure (13) the imidazoliums show no edge-face stacking and leave a much wider pore.
The considerable packing difference suggests that His 37 sidechains may be immobilized at high pH but dynamic at low pH. To test this hypothesis, we measured one-bond Cg-Nd1 and Cd2-Hd2 dipolar couplings at physiological temperature. The viral membrane immobilized the protein backbone, giving Na-H and Ca-Ha order parameters of 1.0 (figs. S4 and S5) (14) , thus isolating potential sidechain motion. Fast motions scale the couplings by an order parameter (S) that reflects the motional amplitude. At pH 8.5, we obtained rigid-limit Cg-Nd1 and Ce1-Nd1 couplings (1.15 kHz and 1.39 Å) and a rigid-limit Cd2-Hd2 coupling (23.9 kHz and 1.08 Å) (Fig. 3, A and B) , confirming immobilization of the neutral imidazoles by edgeface stacking. However, at pH 4.5 the Cg-Nd1 and Cd2-Hd2 couplings are scaled by a factor of 0.85 and 0.80, respectively (Fig. 3C ), indicating sidechain motion. The availability of twoorder parameters constrained the geometry of the imidazolium motion. The most likely motional axis is the Cb-Cg bond (26) . Uniaxial rotation is ruled out because it predicts a very small S Cg-Nd1 of 0.06 because of the 57°angle of the Cg-Nd1 bond to the Cb-Cg axis. The well-known 180°ring flip motion is also ruled out because it has little effect on the Cd2-Hd2 coupling (S Cd2-Hd2 = 0.94) (table S2). The nearinvariance of the Cd2-Hd2 coupling to 180°ring flips also rules out a scenario in which some imidazoliums undergo ring flips whereas others remain static ( fig. S6 ). Instead, analysis of the S dependence on c 2 angles shows that only twosite jumps with a c 2 change of 45°satisfies both the Cg-Nd1 and Cd2-H order parameters ( fig. S7 ). Given the average c 2 of 180°at low temperature, the most likely instantaneous c 2 angles are about 160°and -155° (Fig. 3D) .
The restricted nature of the imidazolium ring reorientation may result from the symmet- . S8 ). Using a lowerlimit of 50 kHz for the 293 K rate and an upperlimit of 3 kHz for the 263 K rate, we obtained an energy barrier of >59 kJ/mol, which is consistent with the 50 to 120 kJ/mol reported for imidazole motions in synthetic proton conductors (27) . M2 proton conductivities differ by 14-fold between 18°and 37°C at pH 5.7 (5), indicating an energy barrier of 104 kJ/mol. Thus, the barrier of imidazolium motion is consistent with the functional data, whereas the barrier for water-mediated proton hopping (29 to 42 kJ/mol) is not (9) , suggesting that His 37 ring reorientation is directly involved in proton transport, as in the "shuttle" model. Imidazole motion was also observed at the physiological pH of 6.0 and 5.2, at which the channel first opened and both charged and neutral histidines were present ( fig. S8) (7, 8) . Thus, His 37 motion appears to be an intrinsic property of the spacious conducting channel, although its precise amplitudes and rates may vary with pH.
Water is still necessary for delivering protons to the imidazoles before they can be relayed to the virus interior. Thus, water-His 37 hydrogen bonding is implied in the shuttle model. We probed H-bond formation by measuring imidazole N-H and C-H dipolar couplings at 243 K, at which the sidechain was frozen. H-bond formation stretches the N-H and C-H bonds from their covalent lengths (1.03 Å and 1.10 Å), thus weakening dipolar couplings (28) . At pH 8.5, the protonated Nd1(p) showed a significantly stretched N-H bond of 1.08 Å, indicating hydrogen bonding and explaining the p-tautomer stabilization. Even the unprotonated Nd1(t) showed a sizeable coupling of 2.1 kHz, suggesting a nearest-proton distance of 1.8 Å and a weak Nd1…H-O H-bond. In contrast, the protonated Ne2(t) exhibited an unstretched bond length of 1.03 Å (11.1 kHz) (Fig. 4A) , despite the presence of a small amount of water in the H37-W41 region on the basis of Ne2(t)-water cross peaks in 2D 15 N-1 H correlation spectra ( fig. S9 ). At pH 4.5, the combined Nd1/Ne2 peak showed a reduced N-H coupling of 8.8 kHz, indicating a stretched bond of 1.11 Å. Given the spaciousness of the low-pH pore, the H-bond acceptors cannot be another imidazolium. Trp 41 -His 37 aromatic interaction may partly contribute to Ne2-H bond stretching (10, 29), but we propose the most likely cause for N-H bond elongation at low pH is H-bond with frozen water, which is more abundant in the low-pH channel than the high-pH channel, as shown with spin diffusion NMR (30) and molecular dynamics simulations (9, 31) .
Similar C-H coupling measurements revealed that the Cd2-Hd2 bond was unstretched (1.08 Å) at either pH, whereas the Ce1-He1 bond was stretched to 1.20 Å at pH 8.5 and 1.19 Å at pH 4.5 (Fig. 4B) . The latter may be attributed to CHp interactions at high pH and H-bond with water at low pH. The imidazole Ce1-He1 bond is known to be prone to elongation because of its acidic nature (32) , although the large magnitude of stretching observed here is surprising and requires further investigation.
These bond lengths reveal an extensive Hbond network that covers three sides of the imidazolium at low pH (Fig. 4C) , creating a continuous H-bonded chain. Similar to the histidine in the catalytic triad of serine proteases, Ce1 hydrogen bonding may facilitate Ne2 deprotonation by evenly distributing the positive charge and increasing Ne2 electronegativity (26, 33) . At high pH, the H-bond network is incomplete, excluding Ne2, which we attribute to the opposing water orientation and possible His 37 -Trp 41 interactions (Fig. 4D) .
Taken together, these data suggest the following mechanism for proton gating and conduction by M2 (Fig. 4, D and E) . At high pH out , the neutral imidazoles form tightly packed electron-rich CH-p stacks, preventing the formation of a H-bonded water chain. The outwardfacing Nd1(p) H-bonds with water, whereas the inward-facing Ne2 does not. Lowering pH out protonates Nd1, resulting in several imidazoliums per channel, which repel each other and cause backbone conformational changes that widen the pore (34, 35) . More water permeates this region (30) , establishing a H-bonded chain that includes His
37
. The larger pore frees the imidazoliums to undergo microsecond ring reorientations. We propose a proton conduction mechanism in which imidazolium deprotonation is facilitated by Ce1-He1 hydrogen bonding and continuous ring flips achieve the dual purpose of properly aligning the charged imidazolium with the C-terminal water molecules so as to cause proton transfer and then pointing the unprotonated nitrogen to the low-pH extracellular side to be reprotonated. Our data indicate that the highest energy barrier of this process is the imidazolium motion, which may account for the temperature dependence of M2 proton conductance, possibly in combination with an additional small barrier for proton transfer (5). This dynamically assisted proton transfer model is consistent with the observed deuterium isotope effect, whose magnitude also suggested a mixed H-bonded chain with dissimilar elements (6) . Thus, the present data strongly suggest that His 37 is actively involved in proton conduction by M2. The structural information obtained here is largely invisible to conventional high-resolution techniques and demonstrates the ability of solid-state NMR to elucidate functionally important membrane protein dynamics and chemistry.
Materials and Methods

Membrane sample preparation
The transmembrane domain (residues 22-46, SSDPLVVAAS IIGILHLILW ILDRL) of the M2 protein of the influenza A Udorn strain was synthesized by PrimmBiotech (Cambridge, MA) using Fmoc solid-phase peptide synthesis protocols and was purified to >95% purity. The peptide used in this study was 13 C, 15 N-labeled at Gly34, His37 and Ile42. Fmoc-U- 13 Four membrane samples at different pH were prepared for this study. A pH 8.5 sample was prepared in a Tris buffer containing 10 mM Tris, 1 mM EDTA, and 0.1 mM NaN 3 . A pH 6.0 sample was prepared using a Bis-Tris buffer (10 mM Bis-Tris, 1 mM EDTA, and 0.1 mM NaN 3 ).
S2
A pH 4.5 and pH 5.2 sample were prepared using a citrate buffer containing 10 mM citric acid/sodium citrate, 1 mM EDTA, and 0.1 mM NaN 3 .
Solid-state NMR experiments
Solid-state NMR experiments were carried out on a Bruker DSX-400 MHz spectrometer at 9.4 Tesla and an AVANCE 600 MHz spectrometer at 14.1 Tesla (Karlsruhe, Germany).
Magic-angle-spinning (MAS) probes with 4-mm diameter spinners were used. Typical radiofrequency (rf) pulse lengths were 5 μs for 13 were fitted to obtain the apparent couplings, which were then divided by the scaling factor of the homonuclear decoupling sequence, which was 0.577 for FSLG and 0.47 for MREV-8, to obtain the true couplings. For 15 N-1 H dipolar couplings, the coupling-doubled version of the DIPSHIFT experiment (9) was used to enhance the accuracy of the coupling measurement.
To extract motional order parameters from DIPSHIFT data, both the homonuclear decoupling scaling factor and the rigid-limit coupling value contain uncertainties that may affect the order parameter values. To calibrate these effects, we measured the product of the scaling factor and the rigid-limit coupling using the crystalline model peptide formyl-Met-Leu-Phe (f-MLF) (10 C intensities that overlapped with the His37 Cα peak, and 2)
10% correction for pulse imperfection at long mixing times (12) . The percent of lipid intensities S4 at the Cα peak was obtained by measuring the minimum S/S 0 ratio of the Cα peak when dephased by its directly bonded amide 15 N. The spectra were shown in Fig. S2 . The percent of lipid intensities was about 30% at both pH 4.5 and pH 8.5.
Selective irradiation of the Nδ1 peak was required for measuring the Cα-Nδ1 distance.
For the pH 8.5 sample, the 250-ppm peak is a superposition of 70% Nδ1 of the τ-tautomer and 30% Nε2 of the π-tautomer. However, the Cα-Nε2 distance is almost invariant (4.4 -4.6 Å)
between different rotamers and also much longer than the Cα-Nδ1 distance (3.2 -3.9 Å). Thus, the Cα-Nδ1 REDOR data was primarily determined by the 70% Cα-Nδ1(τ) distance. The simulated REDOR curves in Fig. 2A already took into account the 30% presence of the π-tautomer, which contributed a Cα-Nε2 distance of 4.38 Å for χ 2 = 180˚, 4.52 Å for χ 2 = -60˚, and 4.59 Å for χ 2 = +60˚.
For the pH 4.5 sample, the Nδ1 and Nε2 peaks overlap at ~178 ppm (Fig. S1A) , thus the Cα signal was simultaneously dephased by Nδ1 and Nε2. The REDOR curve fitting thus required a three-spin geometry, with a fixed 25˚ angle between the Cα-Nδ1 and Cα-Nε2 vectors.
The three-spin simulation was carried out in SIMPSON (13) . For each χ 2 , the relative Cα-Nδ1
and Cα-Nε2 distances are fixed. For χ 2 = 180˚ (t), the Cα-Nδ1 distance is 3.9 Å while the Cα- Extraction of motionally averaged sidechain 13 
C{
N} dipolar couplings
At pH 4.5, the high-temperature Cγ-{Nδ1, Nε2} REDOR data was analyzed in a threespin geometry similar to the low-temperature distance analysis described above. The data mainly reflects the Cγ-Nδ1 order parameter, because the two-bond Cγ-Nε2 dipolar coupling is much weaker, with a rigid-limit value of only 285 Hz. Moreover the Cγ-Nε2 vector is roughly parallel to the Cβ-Cγ motional axis, thus Cγ-Nε2 coupling is insensitive to χ 2 torsional dynamics.
Therefore, we held the Cγ-Nε2 coupling fixed at 285 Hz while varying the Cγ-Nδ1 coupling to S5 fit the REDOR data. The resulting Cγ-Nδ1 coupling was 980 Hz, indicating a motional order parameter of 0.85.
In these Cγ-detected REDOR experiments, the S/S 0 values decreased to ~0.4 instead of 0 due to the presence of natural abundance lipid 13 C intensities.
Calculation of order parameters for various two-site jump motions
In the motionally averaged tensor (also called the sum tensor) shown in Figure S7A , the three principal axes (red, Σ i , I = 1, 2, 3) are oriented as follows: one principal axis is along the bisector of the Z A and Z B vectors, a second principal axis is perpendicular to the plane of the Z A and Z B vectors, and the third principal axis is perpendicular to the other two principal axes.
Designating the directional angles between the three averaged principal axes and either bond as , the principal values of the motionally averaged tensor are:
Once the principal values are obtained, the motionally averaged anisotropy parameter δ is calculated as the difference from the isotropic value of the principal value that is furthest away from the isotropic value. The ratio between the averaged anisotropy parameter and the rigid-limit δ is the order parameter S, S ≡ δ δ .
The relation between the torsional angle change Δχ around a motional axis and the reorientation angle β of a bond is sin β
where θ is the angle between the motional axis and the bond of interest. The directional angles are related to β as: Θ 1,2 = 90Þ− β 2 , Θ 2,1 = β 2, and Θ 3 = 90Þ.
As an example, we consider 180˚ flips of the imidazole ring around the Cβ-Cγ bond, 
Proposed model of ring-flip assisted proton conduction by M2
Liposome assays (14) showed that the M2 proton conductance increased by ~14 fold from 18˚C to 37˚C. This temperature dependence indicates that the total energy barrier for proton conductance is ~104 kJ/mol:
This energy barrier is consistent with the barrier for histidine sidechain motion (> 59 kJ/mol) obtained from NMR dipolar couplings at pH 4.5 to 6. But it does not agree with the calculated energy barrier (29-42 kJ/mol) for proton hopping through the charged His37 tetrad, which is the rate-limiting step in the shutter model. Thus, the similar temperature dependences of proton S7 conductivity and His37 sidechain motion suggest the shuttle model for proton conduction by M2.
Specifically, we propose that proton conduction is achieved by His37 ring-flip-mediated proton dissociation and association. Below we qualitatively outline the energetic aspects of this model.
The imidazolium reorientation rate observed by NMR dipolar couplings is on the order of (Fig. S8) . On the other hand, the value of single-channel proton conductance of M2 has significant uncertainty and varies with the experimental method and condition. In two recent authoritative studies, one study concluded a single-channel current of ~0.5 fA at pH 6.2 (15), while the other study measured a value of 2.7 aA at 18°C and pH 5.7 (14) . Based on the unitary current of the first study, a proton dissociation rate constant, k H + and the sidechain motional rate means that proton transfer is extremely fast, with a negligible energy barrier.
The second study reported much lower conductance values (14) , which at 37˚C were about 250 H + /s per channel (14) . Since at pH 5.7 the number of imidazoliums per channel is about 3 (16), the conductance per imidazolium is k H + ≈ 250 3 = 83 s. This rate constant is 100-1000 times smaller than the ring-flip rate, which suggests that the proton transfer reaction may be much slower than in the first estimate above. Based on the Arrhenius equation, the ratio of 100-1000 translates to an energy barrier of 12-18 kJ/mol for proton transfer, which is still much lower than the barrier of imidazolium motion. Thus, even using the lower limit of proton conductance functional data, the highest energy barrier of proton conduction is still the barrier for imidazolium motion.
This ring-motion-assisted proton transfer model is consistent with the observed deuterium isotope effect of M2 (15), where H + are conducted 1.8 -2.5 times faster than D + by M2. This ratio is significantly larger than if water diffusion is the mechanism (predicted ratio = 1.25), and also larger than if the H + and D + mobility in the respective solvent (H 2 O and D 2 O) is the mechanism (predicted ratio = 1.4-1.5) (17) . Instead, the magnitude of the isotope effect suggests proton dissociation in a mixed hydrogen-bonded chain with dissimilar elements, which supports the current model. The 2-fold difference in H + and D + conductance may be explained by an increased energy barrier of ~1.7 kJ/mol for D + dissociation than H + dissociation.
Analysis of Cε1-Hε1 bond length from low-temperature dipolar couplings
To obtain the His37 Cε1-Hε1 bond length at low temperature, we considered the contribution of lipid intensities to the Cε1 peak at 134 ppm. The sphingomyelin C5 peak resonates at 134 ppm and at 243 K cannot be resolved from the Cε1 peak (18) . Based on the protein/lipid molar ratio and the 1.1% natural abundance of 13 C, this SPM C5 intensity is only 6% of the labeled Cε1 peak intensity. Approximating that the SPM C5 peak has comparable C-H dipolar coupling as the main lipid CH 2 peak at 32 ppm, we obtained the CH 2 coupling strength, and used it to simulate the expected SPM C5-H dipolar dephasing curve. We then fitted the total intensities including the lipid effect according to the relative intensities of the two spins. The His37 tetrad at pH 6 also suggests that motion is an intrinsic property of a spacious conducting channel, rather than a direct function of the charged state of His37.
For a motional process to cause fast averaging of an interaction, the motional rate has to be significantly larger than the coupling of interest. Likewise, for a slow motion to not induce intermediate-timescale line broadening, the motional rate k must be significantly smaller than the coupling of interest. For an FSLG-scaled 13 C- during HH-CP, the total effective 1 H spin diffusion mixing time was 0.55 ms, which was much shorter than the length of 4 ms used to show the near absence of water-G34 cross peak in amantadine-bound and dehydrated M2TM channels (18) . Thus, the presence of imidazole-water cross peaks at both pH indicates the presence of water near His37. In particular, at high pH, a weak water cross peak with the unprotonated Nδ1 was detected, indicating that the C-terminus of His37 was not completely devoid of water. b . These linewidths refer to the major τ-tautomer. 
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